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DELTA-SIGMA DIGITAL-TO-ANALOG CONVERTER ASSEMBLY 

TECHNICAL FIELD 

[0001] The present invention relates generally to communications systems, and 
more specifically to digital-to-analog converters. 

BACKGROUND OF THE INVENTION 
[0002] Efforts in the design of integrated circuits for radio frequency (RF) 
communication systems generally focus on improving performance, reducing cost or a 
combination thereof. One area of increasing interest relates to conversion of signals, 
such as from analog-to-digital or digital-to-analog. Both types of conversion have 
benefited from the development and use of delta-sigma modulation. 
[0003] Delta-sigma modulation is a technique used to generate an estimate of a 
signal using a small number of quantization levels and a very high sampling rate. 
Limiting a signal to a finite number of levels introduces significant "quantization" noise 
into the system. Oversampling and the use of an integrator feedback-loop in delta- 
sigma modulation are effective in shifting quantization noise to out-of-band frequencies. 
The noise shifting properties enable efficient use of subsequent filtering stages to 
remove noise and produce a more precise representation of the input. 
[0004] The filters within a delta-sigma modulator provide a noise transfer function 
(NTF) and a signal transfer function. The poles and zeroes of the NTF determine the 
shape and depth of low noise regions output by the modulator. The use of a delta- 
sigma modulator in a digital-to-analog conversion can produce an analog signal having 
a high dynamic range, but only for limited ranges of frequency. Outside of the narrow 
frequency bands having a high dynamic range, a delta-sigma modulated noise 
increases sharply. In effect, the delta-sigma modulator trades the majority of its spectral 
range for a few regions of high dynamic range operation. It is not generally possible to 
design the location and number of zeroes in the NTF to simultaneously control the width 
and depth of the high dynamic range (low noise) region(s) and the slope of the rise in 
noise at frequencies bordering the low noise region. Increased bandwidth can be 
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achieved at the expense of higher order filters requiring additional circuitry and/or 
increased sample rates (which may require expensive materials such as Silicon 
Germanium or Indium Phosphide. An analog filter is required to remove the 
quantization noise from the out of band regions. It can be difficult and expensive to 
provide a filter that can respond to the rapid rise in noise at the boundaries of the high 
dynamic range regions without restricting the useful bandwidth of the signal. 

SUMMARY OF THE INVENTION 
[0005] In accordance with one aspect of the present invention, a digital-to-analog 
converter assembly comprises a delta-sigma modulator, a digital-to-analog converter, 
an analog filter, and a comb filter. The delta-sigma modulator processes a digital input 
signal to produce a digital output signal having at least one associated high dynamic 
range frequency band. The digital-to-analog converter converts the digital output signal 
into an analog output signal having at least one associated high dynamic range 
frequency band. The associated high dynamic range bands have respective frequency 
characteristics. An analog filter assembly filters the analog signal. The analog filter has 
at least one passband. An analog comb filter assembly attenuates the output of the 
filter assembly to improve signal to noise ratio. 

[0006] In accordance with another aspect of the invention, a method is provided 
for converting a digital input signal, having a first word size, into an analog output signal. 
The digital input signal is quantized to produce a digital output signal having a second 
word size. The first word size is larger than the second word size. The digital input 
signal is processed to shift noise associated with quantizing the digital input signal away 
from at least one frequency band of interest. It will be appreciated that this processing 
can precede the quantization of the signal. The digital output signal is converted into an 
analog signal. A delayed representation of the analog signal is produced, and the 
analog signal and the delayed representation are summed. The summed analog signal 
is then filtered to produce an analog output substantially free of quantization noise. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0007] FIG. 1 illustrates a delta-sigma digital-to-analog converter utilizing a comb 
filter assembly in accordance with an aspect of the present invention. 
[0008] FIG. 2 is a graph of power versus frequency illustrating a change in the 
output analog signal produced by the comb filter along a representative frequency band 
for an exemplary delta-sigma DAC. 

[0009] FIG. 3 illustrates an exemplary delta-sigma DAC utilizing a comb filter 
assembly in accordance with an aspect of the present invention. 
[0010] FIG. 4 illustrates an exemplary frequency agile delta-sigma analog-to- 
digital converter (DAC) incorporating a comb filter in accordance with an aspect of the 
present invention. 

[0011] FIG. 5 illustrates an exemplary wideband transmitter system incorporating 
a plurality of delta-sigma digital-to-analog converters and a comb filter assembly in 
accordance with an aspect of the present invention. 

[0012] FIG. 6 illustrates a methodology for converting an analog signal into a 
digital signal in accordance with an aspect of the present invention. 

DETAILED DESCRIPTION OF INVENTION 
[0013] The present invention relates to systems and methods for converting a 
digital input signal into an analog output signal that is substantially free from 
quantization noise. In accordance with an aspect of the invention, a digital input signal 
is converted to an analog output signal at a delta-sigma digital-to-analog converter 
(DAC). The delta-sigma DAC will have an associated high dynamic range frequency 
band. The high dynamic range frequency band will have boundary regions in which the 
signal quickly degenerates into quantization noise {e.g., the dynamic range of the signal 
decreases sharply with distance from the high dynamic range band). It can be difficult 
to provide a filter with sufficient discrimination to attenuate the quantization noise at 
these boundaries to acceptable levels without attenuating signals and frequencies of 
interest as well. To this end, a comb filter is used to attenuate noise within boundary 
regions of the high dynamic range band as to reduce the rate of signal degeneration at 
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the boundaries. This allows for a filter with a more gradual response to be used to filter 
quantization noise in the out-of-band regions of the signal. 

[0014] FIG. 1 illustrates a delta-sigma digital-to-analog converter (DAC) assembly 
10 utilizing a comb filter in accordance with one aspect of the present invention. The 
comb filter 12 reduces noise associated with a delta-sigma modulated signal to broaden 
one or more high dynamic range regions associated with a delta-sigma modulator 10. It 
will be appreciated that the described comb filter 12 can be practiced with any delta- 
sigma modulator, including both delta-sigma modulators having relatively constant 
frequency properties and frequency agile delta-sigma modulators in accordance with 
one or more aspects of the present invention. 

[0015] In accordance with an aspect of the invention, a digital signal is received 
at a delta-sigma modulator 14. The digital signal will be a multi-bit digital signal having 
an associated word size. The delta-sigma modulator 14 quantizes the received signal 
to produce a representation of the signal having a reduced word-size. The quantization 
noise produced by this quantization is shifted by the delta-sigma modulator to 
frequencies outside of various frequency bands of interest to produce one or more high 
dynamic range regions within the digital signal. The high dynamic range frequency 
bands produced by the delta-sigma modulator comprise a narrow low-noise center band 
located between two boundary areas characterized by a rapid decrease in dynamic 
range. 

[0016] The digital signal is provided to a digital-to-analog converter 16. The 
digital-to-analog converter 16 produces an analog signal corresponding to the input 
digital signal. The analog signal will contain the one or more high narrow dynamic 
range regions produced by the delta-sigma modulator 14 as well as a large amount of 
out-of-band quantization noise. While this quantization noise can be filtered from the 
analog signal via a filter network 1 8, the rapid increase of noise within the boundary 
areas requires a filter having an extremely sharp cut-on and cut-off response within the 
narrow frequency range defined by the boundaries. To maximize the available 
bandwidth, the filter requires an associated frequency response such that the 
frequencies at the exterior portions of the boundary regions are greatly attenuated, 
while the frequencies at the interior portions of the boundary regions are minimally 
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attenuated. It will be appreciated that providing a filter with such an extreme variance in 
response over a narrow frequency range is difficult and cost-intensive at best. 
[0017] To simplify the filtering operation, the analog signal is provided to the 
comb filter 12. The comb filter 12 combined the analog signal with a delayed 
representation of itself in order to produce a periodic series of narrow attenuated 
regions (e.g., the zeroes of the comb filter) within the frequency spectrum of the analog 
signal. Through careful selection of the delay associated with the comb filter 12, the 
period of the attenuated regions can be tuned to coincide with the boundary regions, 
reducing the demands on the analog filter network 18. In effect, the comb filter 
assembly shapes the high dynamic range regions produced by the delta-sigma 
modulator 14 to match the passband of a desired filter response. Once the signal has 
been attenuated at the comb filter 12, it is provided to the filter network 18. The filter 
network 18 includes one or more passbands that correspond with the high dynamic 
range regions of the analog signal. The filter network 18 filters the quantization noise 
from the out-of-band regions and outputs a high dynamic range signal. 
[0018] FIG. 2 is a graph of power versus frequency that illustrates a change in 
the output analog signal produced by the comb filter along a representative frequency 
band 50 for an exemplary delta-sigma DAC. The uncorrected output of the delta-sigma 
DAC 54 maintains a high dynamic range (e.g., noise less than -110 dBm) for a narrow 
band of around forty MHz, with very high dynamic range (e.g., -130 dBm) nulls 56 and 
58 marking the boundaries of the region. A property of this delta-sigma modulation is 
the rapid increase in the noise level beyond these two nulls 56 and 58; the dynamic 
range of the delta sigma modulator decreases by 40 dBm to -90 dBm within fifteen MHz 
of the nulls. 

[0019] It will be appreciated that there are practical limits to analog filters. The 
ideal filter is the "brickwall" filter, in which the passband is not attenuated and the area 
outside the passband is attenuated to a desired amount (e.g., the signal experiences a 
gain near zero for frequencies outside the passband). Current analog bandpass filters 
require a certain amount of "roll-on" and "roll-off to either side of the passband, in which 
the signal is attenuated, but by amount less than the desired amount. Where a signal 
degrades quickly at the boundary of the passband, it is necessary to have a very steep 
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roll-on and roll-off for the filter to account for the rapid increase in the amplitude of the 
noise. Filters with these characteristics, where it is possible to design them, are 
expensive to design and build. 

[0020] In accordance with an aspect of the invention, the converted signal can be 
provided to a comb filter to reduce the performance demands on the bandpass filter. 
The comb filter retards the rapid increase in noise at the boundaries of the passband of 
interest associated with delta-sigma signal conversion. A comb-filtered signal 60 
behaves similarly to the uncorrected signal 54 in the frequency band between the two 
nulls 56 and 58. For frequencies beyond this region, the comb filtered signal shows a 
marked decrease in the rate of noise increase, reaching the -90 dBm level only at 
frequencies over thirty-five MHz from the nulls. The comb filter, in effect, adds two 
minor nulls 64 and 66 just outside of the high dynamic range region that act to widen the 
region. In the illustrated example, the minor nulls 64 and 66 can be found about fifteen 
MHz outside of the high dynamic range region, and serve to maintain a region of high 
dynamic range (e.g., around -110 dBm) for the fifteen MHz encompassed by the minor 
null (e.g., 64) and its corresponding very high dynamic range null (e.g., 56). The 
addition of these nulls relaxes the filter response required from the analog filter, allowing 
the use of a more gradual cut-off and a wider passband. 

[0021] FIG. 3 illustrates an exemplary delta-sigma DAC assembly 100 utilizing a 
comb filter assembly 1 02 in accordance with an aspect of the present invention. The 
exemplary delta-sigma DAC assembly 100 includes a digital precorrector 104 to 
mitigate the attenuating effect of the comb filter 102 on one or more signals of interest. 
The digital precorrector 104 can optionally boost a desired frequency range of the digital 
signal as to counteract the attenuation of that range by the comb filter 102. 
[0022] A digital signal is provided to the precorrector 104. The digital 
precorrector 1 04 applies a correction approximating the inverse of a transfer function 
associated with the comb filter 102 to the digital signal at one or more frequency ranges 
associated with respective signals of interest. The position of the signals of interest 
within the digital signal can be provided to the precorrector 104 either as 
preprogrammed configuration data or dynamically through a system control (not 
shown). In an exemplary embodiment, the contribution of the digital precorrector 104 
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can be clipped to avoid exceeding a signal saturation level associated with the delta- 
sigma DAC assembly 100. The output of the precorrector is provided to a delta-sigma 
modulator 106. The delta-sigma modulator 106 filters and quantizes the signal to shift 
noise away from the frequency ranges associated with the signals of interest. 
[0023] The output of the delta-sigma modulator 1 06 is provided to a digital-to- 
analog converter (DAC) 108. The digital-to-analog converter 108 converts the digital 
signals from the delta-sigma modulator 106 into analog signals. In an exemplary 
implementation of the invention, the output of the delta-sigma modulator 106 is a one-bit 
output, and the digital-to-analog converter 108 has a one-bit resolution. It will be 
appreciated, however, that both the output of the delta-sigma modulator 106 and the 
resolution of the digital-to-analog converter 108 can be multi-bit in accordance with one 
or more aspects of the present invention. 

[0024] The analog signal is then provided to the comb filter 102. The comb filter 
102 comprises one or more stages of filtering, each comprising a summer 1 12 and a 
delay component 114. In the illustrated exemplary implementation, a two-stage comb 
filter is shown, but it will be appreciated that a cpmb filter can comprise a single stage or 
more than two stages as well. The analog signal from the DAC is first split into two 
paths 108. A first path is provided directly to a first summer 112, while a second path is 
provided to a first delay 1 14. The output of the first summer 1 12 is aiso divided, with a 
first path being provided to a second summer 116 and a second path proceeding to a 
second delay 118. The output of the second delay 1 18 is provided to the second 
summer 1 16, which provides a final output. The delays will normally be set to different 
values, with each stage of the comb filter providing nulls or zeroes at a periodicity 
inversely proportional to the delay of the stage. 

[0025] The first summer 1 12 sums the original signal with the output of the first 
delay 114. The output of the first summer 1 12 is then summed with a delayed 
representation of itself (e.g., the output of the second delay 1 16) at the second summer 
118. The resulting signal contains two separate periodic series of narrow attenuated 
regions that can be adjusted to coincide with the one or more high dynamic range 
regions. The comb filter 102 provides a correction to the analog signal that serves to 
broaden the one or more high dynamic range frequency bands of the delta-sigma 
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modulator 106. More precisely, the comb filter 102 attenuates the signals, if present, 
and noise at the boundaries of the high dynamic range frequency bands produced by 
the delta-sigma modulator 1 06 as to reduce the rate of decrease of the dynamic range 
of the delta-sigma modulator at these boundaries. 

[0026] The output of the comb filter 1 02 is provided to an analog filter network 
120. The filter network 120 filters the out-of-band quantization noise produced by the 
delta-sigma DAC and reconstructs a desired signal from the delta-sigma output. The 
filter network 120 can comprise one or more analog filters, a given filter having one or 
more associated passbands. It will be appreciated that the attenuation provided by the 
comb filter 102 allows for the use of a filter network having a more gradual frequency 
response at the boundaries of the high dynamic range regions. Accordingly, the 
passbands associated with the filter network 120 can have an associated frequency 
response selected to coincide with the widened high dynamic range regions provided by 
the delta-sigma modulator 106 and the comb filter 102. 

[0027] FIG. 4 illustrates an exemplary frequency agile delta-sigma analog-to- 
digital converter (DAC) assembly 150 in accordance with an aspect of the present 
invention. The illustrated delta-sigma DAC assembly 150 includes a frequency control 
152 that allows the delta-sigma DAC assembly 150 to adjust to a number of different 
frequencies by adjusting either the clock rate or vaiues associated with one or more 
components. These changes can occur in real time, allowing the delta-sigma DAC 
assembly 150 to be used for frequency hopping and frequency division schemes. 
[0028] Turning to the operation of the illustrated assembly 1 50, a digital input 
signal is received at a delta-sigma modulator 154. The delta-sigma modulator 154 can 
comprise one or more stages, limited only by practical considerations. The delta-sigma 
modulator 154 first preprocesses the digital input signal, as to shape the quantization 
noise produced by a quantization function of the delta-sigma modulator 154 into 
frequencies outside of one or more bands of interest. It then quantizes the digital signal 
to produce a digital output signal having a smaller word size. 
[0029] The delta-sigma modulator 1 54 provides one or more narrow high 
dynamic range frequency bands by shifting its associated quantization noise to out-of- 
band frequencies. The high dynamic range frequency bands associated with delta- 
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sigma modulator 154 generally have center frequencies that are multiples of its clock 
rate. In an exemplary delta-sigma modulator, a center frequency of one high dynamic 
range band can be found at one-fourth of the clock rate. Thus, the position of these 
high dynamic range bands can be shifted across frequencies by changing the 
associated clock rate of the delta-sigma modulator 154. 

[0030] To this end, the delta-sigma modulator 154 can be driven by a clock circuit 
172 to produce its output at a selected sample rate. In an exemplary embodiment, the 
clock circuit can be a digital frequency synthesizer. The clock circuit 172 is controlled 
by the frequency control 152 to achieve a desired clock rate for the delta-sigma 
modulator 154. It will be appreciated that the frequency control 152 can be made 
responsive to user input, such that the center frequency of the delta-sigma DAC 
assembly 150 is programmable. Alternatively, the frequency control 152 can be made 
responsive to one or more digital processing components (not shown) on an exciter 
comprising the delta-sigma DAC assembly 150 as to provide dynamic control of the 
frequency characteristics of the delta-sigma DAC. 

[0031] Additional frequency characteristics associated with the digital output of 
the delta-sigma modulator 154 can be altered directly by the frequency control 152. 
Registers in one or more filter components within the DSM can be programmable such 
that the scalar value associated with the register can be altered by a control signal from 
the frequency control 152. In the illustrated delta-sigma modulator 154, the feedback 
registers essentially act as digital filter coefficients. Altering these coefficients shifts the 
location of the zeros in the digital filter function represented by the delta-sigma 
modulator 154, changing the shape of the quantization noise across the frequency 
spectrum. Specifically, the width and dynamic range of a given high dynamic range 
band can be changed by shifting the number of and the placement of the one or more 
zeroes along the frequency spectrum. 

[0032] The output of the delta-sigma modulator 1 54 is then provided to a digital- 
to-analog converter 174. The digital-to-analog converter 174 produces an analog 
output signal that corresponds to the digital output of the delta-sigma modulator 154. 
The digital-to-analog converter 174 can also be driven by the clock circuit 172, such that 
it operates at a rate corresponding to the rate of the delta-sigma modulator 154. The 
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analog signal is provided to a comb filter 180. The comb filter 180 broadens the one or 
more high dynamic range bands associated with the analog signal to facilitate the 
filtering of out-of-band quantization noise associated with the signal. The illustrated 
comb filter 180 is a single stage comb filter. It will be appreciated that a multiple stage 
comb filter can also be utilized with the present invention. 

[0033] Within the comb filter 180, the analog signal is split along two paths, with a 
first path proceeding directly to a summer 182, and a second path that is provided to the 
summer through a variable delay element 184. The signal output from the summer 182 
includes periodic narrow regions of attenuation throughout the frequency spectrum. 
The period of this attenuation can be adjusted by increasing or decreasing the length of 
the delay associated with the variable delay element 184. This allows the comb filter 
180 to be tuned, such that the regions of attenuation can coincide with respective 
boundary regions of the tuned high dynamic range regions. The attenuation regions 
can also be moved away from wanted signals, increasing the breadth of frequencies at 
which wanted signals can be placed. The comb filter 180 can receive control input from 
the frequency control defining the associated delay period of the variable delay element 
184. 

[0034] The output of the comb filter is then provided to a tunable filter 1 90. The 
tunable filter 190 attenuates signals having a frequency outside of one or more 
passbands associated with the filter. Each of the filter passbands has an associated 
center frequency that can be altered in response to a control signal from the frequency 
control 152. This allows the system to react to changes in the frequency of the analog 
output from the comb filter 180 by shifting the location of one or more passbands. The 
tunable filter 190 can comprise a bank of filters, each representing a desired passband 
of interest. Alternatively, the tunable filter 190 can comprise a surface acoustic wave 
(SAW) filter that can electronically controlled to configure one or more micromechanical 
components that define its one or more associated passband frequencies. Other 
tunable filters having similar frequency agility can be utilized in accordance with one or 
more aspects of the invention. The output of the tunable filter 190 is a clean analog 
signal at a desired frequency that can be amplified and broadcast according to known 
methods. 
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[0035] FIG. 5 illustrates an exemplary wideband transmitter system 250 
incorporating a plurality of delta-sigma digital-to-analog converters 252, 254, 256, and 
258 and a comb filter assembly 260 in accordance with an aspect of the present 
invention. Each of the plurality of delta-sigma DACs (e.g., 252) is operative to convert a 
digital input signal into an analog output signal with minimal noise over a narrow region 
of high dynamic range operation. These high dynamic range regions can be distributed 
across the frequency spectrum, with each having a unique center frequency. In an 
exemplary implementation, the DACs 252, 254, 256, and 258 are designed or 
programmed to have low noise frequency bands that are adjacent within the frequency 
spectrum and of even width. The comb filter assembly 260 is tuned to provide 
attenuation at the boundaries between these high dynamic range regions to ensure that 
any area of overlap will not result in substantially increased quantization noise. 
[0036] Turning to the illustrated system 250, a digital signal processing assembly 
262 produces an information carrying digital signal. The digital signal processing 
assembly 262 includes modulators and a band selector and provides one or more 
modulated signals. The digital signal processing assembly 262 also includes a signal 
distributor 268 that distributes the digital baseband or IF signal to an appropriate one of 
the plurality of delta-sigma DACs (e.g., 252). Each signal is provided to one delta- 
sigma modulator and DAC (called a delta-sigma DAC). Each delta-sigma DAC (e.g., 
254 and 256) has its own low noise spectral band. It converts the one or more input 
signals into respective analog signals at RF frequencies, which may be the final RF 
frequencies for transmission, within its low noise band. The aggregation of the DS 
DACs provides extremely wide bandwidth and high dynamic range. The digital signal 
processing assembly 262 can comprise further digital circuitry useful for producing the 
digital signal. For example, the digital processing assembly 262 can comprise control 
components for controlling and correlating the characteristic frequencies of the delta- 
sigma DACs 252, 254, 256, and 258 and the comb filter 260. 
[0037] The analog outputs from the plurality of DACs 252, 254, 256, and 258 are 
provided to respective analog passband filters 272, 274, 276, and 278. A given 
passband filter (e.g., 272) attenuates noise outside of the high dynamic range frequency 
band of its respective DAC (e.g., 252). Accordingly, the output of each filter (e.g., 272) 
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is an analog signal representing a portion of the original digital signal within the 
frequency range of its associated passband. It will be appreciated that a practical 
analog filter will not have a perfect "brick wall" response at the boundaries of its 
passband. Accordingly, there can be an appreciable amount of noise located at the 
boundaries of the filter passbands. 

[0038] The analog signals output by the filters 272, 274, 276, and 278 are 
provided to a summer 280 that combines the signals into a composite analog signal. 
The composite analog signal comprises a low noise representation of the original digital, 
excepting areas of overlap between the high dynamic noise regions. Within these 
areas, the residual noise at the boundaries of each region can overlap to create 
unacceptable levels of noise. 

[0039] Accordingly, the composite analog signal is provided to a comb filter 260 
that is tuned to provide attenuation at the boundaries of the high dynamic range regions. 
This additional attenuation reduces the noise created by the overlapping frequency 
ranges to acceptable levels. The use of the comb filter 260 allows for high-resolution 
digital-to-analog conversion of a signal over a contiguous wide frequency band using 
only relatively inexpensive narrow band delta-sigma DACs. The comb-filtered signal is 
then provided to a high power amplifier 284 that amplifies the signal to an appropriate 
power level for transmission. The signal is then transmitted at an antenna 286. it is to 
be appreciated that the relative frequencies of the DS DAC passbands can take on 
many forms. They may overlap or form non-contiguous regions and can be of uneven 
width. The digital processing assembly 262 can provide inputs to the various DS DACs 
with relative delays to account for any propagation differences between the parallel 
channels (DS DAC and filter) 

[0040] In view of the examples shown and described above, a methodology in 
accordance with the present invention will be better appreciated with reference to the 
flow diagram of FIG. 6. While, for purposes of simplicity of explanation, the 
methodology is shown and described as executing serially, it is to be understood and 
appreciated that the present invention is not limited by the order shown, as some 
aspects may, in accordance with the present invention, occur in different orders and/or 
concurrently from that shown and described herein. Moreover, not all features shown or 
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described may be needed to implement a methodology in accordance with the present 
invention. Additionally, such methodologies can be implemented in hardware (e.g., one 
or more integrated circuits), software (e.g., running on a DSP or ASIC) or a combination 
of hardware and software. 

[0041] FIG. 6 illustrates a methodology 300 for converting an analog signal into a 
digital signal in accordance with an aspect of the present invention. A digital input 
signal, having a first word size, is preprocessed at 302 to precorrect attenuation due to 
the comb filter. The signal is then quantized at 304 to reduce the digital input signal to a 
digital output signal having a second word size. In an exemplary embodiment, the 
second word size is one-bit. 

[0042] At 306, the digital output signal is converted into an analog signal. The 
analog signal can include one or more high dynamic range frequency bands and a large 
amount of out-of-band quantization noise. At 308, the analog signal is split into two 
signal paths, with the second signal path passed through a delay element to create a 
delayed representation of the signal. The signals are summed at 310 to introduce a 
periodic attenuation into the analog signal. In an exemplary embodiment, the period of 
the delay is selected such that the periodic attenuation corresponds to the boundaries of 
the one or more high dynamic range regions of the analog signal. The signal is 
provided at 312 to an analog filter that filters the out-of-band quantization from the 
analog signal. The presence of the periodic attenuation allows the analog filter to 
maintain a practical frequency response in the boundary areas of the high dynamic 
noise regions of the analog signal while still maintaining an adequate level of 
performance. 

[0043] What has been described above includes exemplary implementations of 
the present invention. It is, of course, not possible to describe every conceivable 
combination of components or methodologies for purposes of describing the present 
invention, but one of ordinary skill in the art will recognize that many further 
combinations and permutations of the present invention are possible. Accordingly, the 
present invention is intended to embrace all such alterations, modifications, and 
variations that fall within the spirit and scope of the appended claims. 
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